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Abstract 

New  oxides  of  general  formula  Ln2/3_ATi03_3A/2  (Ln  =  La,  Pr  and  Nd;  0.07  <  x  <  0.13)  have  been  prepared  by  a  new  synthetic  route,  starting 
with  precursors  Ln2/3_ALi3ATi03  with  perovskite  structure.  Precursors  were  prepared  by  the  ceramic  method  and  a  modified  Pechini  sol-gel 
process,  and  both  were  treated  with  nitric  acid  2M  to  exchange  lithium  ions  by  protons,  leading  to  new  phases  Ln2/3_*Ti03_3A(0H)3jc.  These 
phases  were  calcined  in  order  to  dehydrate  them  and  obtain  the  anion  defect  oxides  Ln2/3_ATi03_3A/2.  All  the  phases  showed  perovskite-type 
X-ray  powder  diffraction  patterns  during  the  successive  steps  of  the  synthesis.  Anionic  vacancy  content  was  calculated  by  an  indirect  method, 
taking  into  consideration  the  metallic  relation,  determined  by  induced  coupled  plasma  (ICP),  and  the  absence  of  Ti(III),  checked  by  electron 
paramagnetic  resonance  (EPR).  AC  electric  measurements  carried  out  under  different  atmospheres  (N2,  Ar,  H2/Ar,  air  and  02)  showed  a 
conductivity  increase  under  reducing  atmosphere,  due  to  the  reduction  of  Ti(IV)  to  Ti(III).  Considering  their  electrical  behavior,  these  new 
phases  become  candidates  for  solid  oxide  fuel  cell  (SOFC)  anode  materials. 

©  2005  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Perovskite  oxides  have  some  quite  interesting  properties, 
such  as  ionic  conductivity  [1],  superconductivity  [2],  magne- 
torresistance  [3]  and  ferroelectricity  [4].  In  solid  oxide  fuel 
cells  (SOFCs),  perovskites  such  as  strontium  and  magne¬ 
sium  doped  LaGa03  exhibit  high  oxygen  ionic  conductivity 
and  have  been  well  studied  as  electrolytes  [5,6].  Other 
perovskites  with  mixed  conductivity  like  Lai_xSrAMn03 
and  Lai _xSrxCo  1-^03  have  been  used  as  SOFC  cathodes 
[7,8].  Another  perovskite  compound  with  only  electronic 
conductivity,  Lai_*MxCr03  (M  =  Ca  and  Sr),  has  been 
investigated  as  an  interconnector  for  SOFCs  [7].  Perovskites 
have  also  been  studied  as  potential  SOFC  anodes.  The  princi¬ 
ple  requirements  for  this  use  are  electronic  conductivity  and 
chemical  stability  under  reducing  conditions.  Chromium  and 
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titanium  based  perovskites  are  the  most  promising  SOFC 
anode  materials,  especially  lanthanum  strontium  titanates 
[9-11]. 

The  synthesis  of  new  perovskites  with  oxygen  vacancies 
under  non-drastic  conditions  is  a  challenge  for  solid-state 
chemistry.  The  use  of  ionic  exchange  reactions  followed  by 
thermal  treatments  to  obtain  metastable  phases  is  well  known 
[12,13],  and  more  recently  this  method  has  been  used  to  syn¬ 
thesize  other  perovskites  [14,15].  The  principle  requirement 
for  this  kind  of  reactions  is  high  ionic  mobility  in  the  start¬ 
ing  compounds.  There  is  no  change  in  the  structure  due  to 
the  different  ions  in  the  lattice  after  the  reaction.  This  is  the 
case  in  lanthanum  lithium  titanates,  which  have  high  lithium 
conductivity  [16,17]  and  no  structure  variation  after  the  ionic 
exchange,  as  reported  in  tetragonal  La2/3-ALi3xTi03  [18].  In 
the  present  study,  the  conditions  of  the  synthesis  for  other 
rare-earth  lithium  titanates,  with  perovskite  cubic  structure, 
have  been  established,  and  the  electrical  behavior  of  these 
compounds  for  their  use  as  SOFC  anodes  has  been  exam¬ 
ined. 
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2.  Experimental 

New  perovskites  Ln2/3-xTi03_3x/2  (Ln  =  La,  Pr  and 
Nd;  0.07  <x<  0.13)  were  prepared  by  lithium  exchange 
of  Ln2/3-ALi3xTi03  precursors  followed  by  dehydration 
and  calcination  steps.  Precursors  were  prepared  by  two 
methods:  ceramic  and  sol-gel.  In  the  ceramic  route  [19,20], 
stoichiometric  amounts  of  Ti02  (Aldrich  99.9%),  La2C>3 
(Fluka  99.98%),  Ce2(C03)3-5H20  (Aldrich  99.9%),  Pr6On 
(Aldrich  99.9%)  and  Nd2C>3  (Aldrich  99.9%),  were  inti¬ 
mately  mixed  with  acetone.  Oxide  reagents  were  previously 
dried  overnight  at  900  °C.  The  mixture  was  dried  and  heated 
to  650  °C  for  3h  to  drive  off  CO2,  and  then  pressed  into 
pellets  and  covered  with  powder  of  the  same  composition 
to  avoid  loss  of  lithium  during  thermal  treatment.  The 
pellets  were  fired  at  1100,  1200  and  1250  °C  for  15  h  with 
intermediate  grinding  and  re-pelleting.  Each  treatment 
finished  with  quenching  to  room  temperature.  The  sol-gel 
method  was  a  modification  of  the  Pechini  process  [21,22] 
as  shown  in  Fig.  1.  The  reagents  used  were  La(N03)3*6H20 
(Aldrich  99.9%),  Ce(N03)3-6H20  (Avocado  99.5%),  Pr6On 
(Aldrich  99.9%)  and  Nd2C>3  (Aldrich  99.9%),  depending 
on  the  rare-earth,  LiNC>3  (Aldrich  QP),  a  0.5  M  aqueous 
solution  of  TiOCh  (Millenium  Chemicals  99.5%),  citric 
acid  (BDH  99.7%)  and  ethyleneglycol  (Probus  QP).  Stoi¬ 
chiometric  amounts  of  the  rare-earth  compound  and  LiN03 
were  weighed  and  solved  separately  in  the  minimum  amount 
of  water.  Pr  and  Nd  oxides  were  previously  solved  into  an 
HNO3  10%  solution.  The  two  aqueous  solutions  were  mixed 
and  the  metals  were  complexed  with  a  solution  of  citric  acid 
in  the  minimum  amount  of  water,  in  a  ratio  citric  acid: metal 
ions  of  2:1.  The  necessary  volume  of  TiOCh  0.5  M  was 
added  to  this  solution.  Finally,  ethyleneglycol  was  added  in 
a  molar  ratio  60:40  with  respect  to  citric  acid.  The  solution 
was  stirred  for  an  hour,  and  then  heated  to  60  °C  to  reduce  the 
volume  until  polymerization  was  observed  and  an  aerogel 


was  obtained.  Gels  were  aged  at  120  °C  for  15  h  and  fired  at 
1 100  °C  at  a  heating  rate  of  1  °C  min- 1 ,  and  this  temperature 
was  kept  for  15  h.  Finally,  the  samples  were  quenched  to 
room  temperature.  X-ray  diffraction  analysis  showed  the 
absence  of  perovskite  formation  in  cerium  compounds. 

Lithium  exchange  conditions  previously  reported  for 
the  preparation  of  La2/3-xTi03_3x(0H)3x  powders  [18,23] 
were  optimized  for  densihed  Ln2/3-xTi03_3x(0H)3x  samples 
(Ln  =  La,  Pr  and  Nd).  Pellets  with  6  mm  diameter  and  2  mm 
thickness  were  sintered  at  1250  °C  for  1  h.  Sintered  pellets 
were  stirred  and  heated  to  90  °C  for  a  period  of  between  7 
and  10  days  with  an  appropriate  volume  of  nitric  acid  2  M  to 
give  a  protomhthium  ratio  of  100:1  in  a  closed  system.  Fi¬ 
nally,  the  optimal  conditions  for  dehydration  were  found  to 
be  heating  from  room  temperature  to  950  °C  at  1  °Cmin-1 
under  nitrogen  atmosphere,  and  then  holding  at  950  °C  for 
60  h  in  the  same  conditions,  ending  with  quenching  to  room 
temperature. 

Powder  X-ray  diffraction  patterns  were  collected  with  a 
Siemens  D-500  diffractometer  with  Bragg  Brentano  geome¬ 
try,  using  Cu  Ka  radiation  at  40  kV  and  30  mV,  and  recorded 
over  an  angular  range  of  4.0°-70.0°  with  a  0.05°  step-size. 
Phase  identification  was  performed  with  DRXWin  program 
[24],  including  Creaht  software.  Lattice  parameters  were  cal¬ 
culated  with  the  Fullprof  software  [25].  Metal  atomic  content 
was  determined  by  atomic  emission  spectroscopy  by  induced 
coupled  plasma  (AES-ICP)  using  an  emission  spectrometer 
Perkin-Elmer  optima  3200  RL.  Electron  paramagnetic 
resonance  (EPR)  studies  were  carried  out  with  a  Bruker 
300-E  automatic  spectrometer  in  the  X-band  (9.45  GHz). 
Temperature  was  controlled  with  a  quartz  cryostat  with  liquid 
nitrogen  in  order  to  measure  spectra  from  77  K  to  room  tem¬ 
perature.  AC  electric  measurements  were  carried  out  using  a 
HP4192A  impedance  analyzer  over  a  frequency  range  from 
5  Hz  to  13  MHz  under  different  atmospheres  (N2,  Ar,  H2/Ar, 
air  and  O2).  Data  were  analyzed  by  Zviewl  software  [26]. 
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Fig.  1.  Flux  diagram  of  sol-gel  method  synthetic  route. 
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Fig.  2.  XRD  patterns  of  Lao.58(i)Lio.25(i)Ti03  obtained  by  ceramic  and 
sol-gel  methods.  Tetragonal  phase  broad  peaks  are  marked  with  T. 


Table  1 

Experimental  formulae  of  compounds  synthesized 
Precursors  Exchanged  compounds 


Lao.60(i)Lio.2i(i)Ti03 

Lao.58(i)Lio.25(i)Ti03 

Lao.57(i)Lio.29(i)Ti03 

Lao.55(i)Lio.34(i)Ti03 

Lao.54(i)Lio.39(i)Ti03 

Pro.60(i)Lio.2i(i)Ti03 

Pro.58(i)Lio.25(i)Ti03 

Pro.57(i)Lio.29(i)Ti03 

Pro.55(i)Lio.34(i)Ti03 

Pro.54(i)Lio.39(i)Ti03 

Ndo.60(i)Lio.2i(i)Ti03 

Ndo.58(i)Lio.25(i)Ti03 

Ndo.57(i)Lio.29(i)Ti03 

Ndo.55(i)Lio.34(i)Ti03 

Ndo.54(i)Lio.39(i)Ti03 


Lao.60(i)Ti02.79(OH)o.2i 
Lao.58(l)Ti02.75  (OH)o.25 
Lao.57(l)Ti02.71  (OH)o.29 
Lao.55(l)Ti02.66(OH)o.34 
Lao.54(l)Ti02.61  (OH)o.39 
Pro.60(i)Ti02.79(OH)o.2i 
Pr0.58(l)TiO2.75  (OH)o.25 
Pr0.57(l)TiO2.71  (OH)o.29 
Pro.55(l)Ti02.66(OH)o.34 
Pr0.54(l)TiO2.61  (OH)o.39 
Ndo.60(i)Ti02.79(OH)o.2i 
Ndo.58(l)Ti02.75  (OH)o.25 
Ndo.57(l)Ti02.71  (OH)o.29 
Ndo.55(l)Ti02.66(OH)o.34 
Ndo.54(l)Ti02.61  (OH)o.39 


Dehydrated 

compounds 

Lao.60(i)Ti02.90 

Lao.58(i)Ti02.87 

Lao.57(i)Ti02.86 

Lao.55(i)Ti02.83 

Lao.54(i)Ti02.8i 

Pro.60(i)Ti02.90 

Pro.58(i)Ti02  .87 
Pro.57(i)Ti02  .86 
Pro.55(i)Ti02  .83 
Pro.54(i)Ti02  .81 
Ndo.60(i)Ti02.90 

Ndo.58(i)Ti02  .87 

Ndo.57(l)Ti02.86 

Ndo.55(l)Ti02.83 

Ndo.54(i)Ti02.8i 


3.  Results  and  discussion 

X-ray  diffraction  data  of  the  precursors  obtained  by  the 
two  methods  show  that  all  compounds  have  a  Pm3m  cubic 
structure,  with  the  presence  of  some  broad  peaks  of  the  tetrag¬ 
onal  PA/mmm  phase  [  1 9,20] .  The  tetragonal  phase  is  more  ob¬ 
viously  observed  in  sol-gel  samples,  as  illustrated  in  Fig.  2, 
because  the  synthesis  temperature  was  lower.  Cerium  per- 
ovskites  are  the  exception  because  they  were  not  obtained  in 
these  conditions.  Comparison  of  XRD  patterns  of  the  precur¬ 
sors,  ionic  exchanged  samples  and  final  compounds  shows 
that  there  is  no  change  in  the  structure  due  to  the  different 
processes  that  involve  the  synthesis  (Fig.  3).  Variations  in 
cell  parameters  during  the  process  are  small,  in  the  order  of 

0.01  A. 

The  formulae  of  compounds  synthesized  are  shown  in 
Table  1.  Formulae  include  experimental  error  in  metal  de¬ 
termination  by  AES-ICP,  considering  that  titanium  is  always 
in  Ti(IV)  oxidation  state  and  that  one  proton  substitutes  one 
lithium  ion.  Results  are  identical  for  ceramic  and  sol-gel  pre¬ 


la0.57(nT,O2.85 

L  I  L  .  i  1 

Ia0.57(l)TiO2.71(OH)0.29  J 

1  1  1  1 

La0.57(l)Li0.29(l)TiO3 

1 _ ,  A  I  .  .  Ji  ..A 
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Fig.  3.  XRD  patterns  of  Lao.57(i)Lio.29(i)Ti03,  Lao.57(i)Ti02.7i(OH)o.29  and 
Lao.57(i)Ti02.85- 


cursors.  The  absence  of  lithium  in  ionic  exchanged  samples 
is  verified  also  with  AES -ICR  Proton  presence  is  observed 
in  ^-MAS-NMR,  as  in  previous  work  [18].  Further  studies 
in  quantification  of  protons  in  these  samples  by  NMR  will 
be  done.  The  absence  of  Ti(III)  in  dehydrated  compounds 
was  checked  by  EPR  and  spectra  like  Fig.  4  were  obtained 
with  lanthanum  compounds.  Spectral  shape  does  not  change 
with  temperature  and  it  shows  only  one  signal,  centered  at 
g  =  2.000  and  only  10G  wide.  This  signal  is  typical  of  or¬ 
ganic  radicals,  but  in  this  case  it  is  due  to  the  presence  of 
electrons  trapped  in  anionic  vacancies,  as  in  natural  quartz 
[27].  Praseodymium  and  neodymium  are  difficult  to  study 
by  EPR,  since  they  have  f  electrons  that  interfere  with  the 
technique. 

Ln2/3-xTi03_3x/2  (Ln  =  La  and  Pr)  samples  were  stud¬ 
ied  by  impedance  spectroscopy.  Bulk  conductivity  values 
of  the  samples  under  nitrogen  atmosphere  are  shown  in 
Table  2.  Grain  boundary  resistance  values  are  three  orders 
of  magnitude  higher  than  bulk  values.  Lao.60(i)Ti02.9o  and 
Pro.60(i)Ti02.90  samples  have  the  best  conductivity  values. 
Fig.  5  shows  the  electrical  behavior  of  these  two  samples  in 


0  1000  2000  3000  4(X)0  5000  6000 

H(G) 

Fig.  4.  EPR  spectrum  of  Lao.60(i)Ti02.9o  at  77  K. 
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Table  2 


Bulk  conductivity  values  at  423  K  under  N2,  activation  energies  and  densification  degrees  of  lanthanum  and  praseodymium  samples 


La  samples 

Bulk  cr  (S  cm  1 )  at  423  K 

Praseodymium  samples 

Bulk  cr  (S  cm  1 )  at  423  K 

Lao.60(i)Ti02.90 

Lao.58(i)Ti02.87 

Lao.57(i)Ti02.86 

Lao.55(i)Ti02.83 

Lao.54(i)Ti02.8i 

La  samples 

Ea  (eV) 

1.30  x  10“4 

1.10  x  10“4 

1.00  X  10“4 

8.25  x  10“5 

7.35  x  10“5 

Densification  (%) 

Pro.60(i)Ti02.90 

Pr0.58(l)TiO2.87 

Pr0.57(l)TiO2.86 

Pro.55(i)Ti02.83 

Pro.54(i)Ti02.8i 

Praseodymium  samples 

Ea  (eV) 

1.65  x  10"5 

1.42  x  10"5 

1.27  x  10“5 

1.10  x  10“5 

9.75  x  10“6 

Densification  (%) 

Lao.60(i)Ti02.90 

0.42 

61 

Pro.60(i)Ti02.90 

0.54 

60 

Lao.58(i)Ti02.87 

0.43 

58 

Pr0.58(l)TiO2.87 

0.55 

57 

Lao.57(i)Ti02.86 

0.45 

56 

Pr0.57(l)TiO2.86 

0.56 

54 

Lao.55(i)Ti02.83 

0.47 

54 

Pro.55(i)Ti02.83 

0.58 

52 

Lao.54(i)Ti02.8i 

0.48 

52 

Pro.54(i)Ti02.8i 

0.59 

50 

these  conditions.  The  grain  contribution  is  much  smaller  than 
the  grain  boundary  contribution  and  cannot  be  observed.  The 
semicircles  are  assigned  to  these  contributions  by  their  capac¬ 
ity  values,  ~10-11  F  for  grain  and  ~10-9  F  for  grain  bound¬ 
ary  [28].  Grain  and  grain  boundary  resistances  are  lower  for 
lanthanum  compounds  than  for  praseodymium.  This  can  be 
due  to  little  structural  differences  because  praseodymium 
compounds  diffraction  data  show  more  presence  of  broad 
peaks  attributed  to  the  tetragonal  phase.  There  is  no  change 
between  heating  and  cooling  measurements  and  the  com¬ 
pounds  act  as  semiconductors.  Under  oxygen-rich  atmo¬ 
spheres,  the  same  tendency  is  observed.  Differences  in  con¬ 
ductivity  between  different  samples  with  the  same  lanthanide 
are  small  and  can  be  attributed  to  differences  in  the  degree  of 
densification.  These  values  range  from  60  to  50%  with  oxy¬ 
gen  vacancy  increase,  relating  poor  densification  with  high 
oxygen  vacancy  presence. 

When  the  same  comparison  is  done  under  5%  hydrogen 
in  argon,  the  result  is  the  same  (Fig.  6),  except  for  the  re¬ 
sistance  values,  which  are  lower  for  both  lanthanum  and 


Fig.  5.  Comparison  of  electrical  behavior  of  Lao.60(i)Ti02.9o  and 
Pro.60(i)Ti02.90  under  N2. 


praseodymium  compounds.  Decrease  in  the  resistance  val¬ 
ues  is  due  to  the  greater  presence  of  charge  carriers  in  these 
conditions,  since  hydrogen  can  reduce  Ti(IV)  to  Ti(III),  pro¬ 
viding  electrons  with  high  mobility  in  the  structure  by  a 
hopping  mechanism.  Differences  between  lanthanum  and 
praseodymium  compounds  arise  when  cooling  spectra  are 
compared.  Fig.  7  shows  this  tendency.  Grain  boundary  re¬ 
sistance  is  lower  for  praseodymium  than  for  lanthanum,  in 
contrast  to  the  behavior  observed  in  the  heating  spectra.  Ar¬ 
rhenius  plots  for  bulk  conductivity  in  cooling  measurements 
are  presented  in  Fig.  8.  Bulk  activation  energies  of  the  com¬ 
pounds  presented  in  this  figure  are  0.42  eV  for  lanthanum 
and  0.54  eV  for  praseodymium.  Bulk  conductivity  is  always 
better  for  lanthanum  compounds  than  for  praseodymium,  but 
grain  boundary  resistance  is  lower  for  praseodymium  com¬ 
pounds.  Grain  boundary  activation  energy  is  similar  for  both 
compounds,  around  1.41  eV.  The  explanation  for  the  change 
in  the  behavior  of  the  grain  boundary  of  praseodymium  sam¬ 
ples  will  require  more  accurate  studies. 


Fig.  6.  Comparison  of  electrical  behavior  of  Lao.60(i)Ti02.9o  and 
Pr0.60(i)TiO2.90  under  5  %H2/Ar  in  heating  conditions. 
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Fig.  7.  Comparison  of  electrical  behavior  of  Lao.60(i)Ti02.9o  and 
Pr0.60(i)TiO2.90  under  5  %H2/Ar  in  cooling  conditions. 


Bulk  conductivity 


Fig.  8.  Arrhenius  plots  of  Lao.60(i)Ti02.9o  and  Pro.60(i)Ti02.9o  bulk  conduc¬ 
tivity  under  5  %H2/Ar  in  cooling  conditions. 

4.  Conclusions 

Lanthanide  titanium  oxides  Ln2/3-xTi03_3X/2  (Ln  =  La,  Pr 
and  Nd)  have  been  synthesized  by  a  new  synthetic  route.  All 
the  different  steps  of  the  synthesis  have  been  optimized  to 
work  with  initial  densified  precursors  and  to  obtain  the  better 
densification  in  final  compounds.  Precursors  of  general  for¬ 
mula  Ln2/3-xLi3xTi03  (Ln  =  La,  Pr  and  Nd)  have  been  ob¬ 
tained  by  a  new  sol-gel  method,  but  not  for  cerium  composi¬ 
tions.  Electrical  conductivities  of  Ln2/3-xTi03_3x/2  (Ln  =  La 
and  Pr)  have  been  studied,  showing  an  interesting  behav¬ 
ior  for  Pr2/3-xTi03-3x/2  in  reducing  conditions,  which  will 
be  the  subject  of  future  studies.  The  electrical  properties  of 
these  compounds  indicate  that  they  may  become  candidates 
for  SOFC  anodes. 
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